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1. Introduction {#sec1}
===============

Mercury (Hg), derived from both natural and anthropogenic sources, is one of the most toxic elements present in soils and sediments. Bacterial methylation of inorganic Hg is the primary pathway for generation of methylmercury species, which bioaccumulate and biomagnify in the food chain.^[@ref1]^ Fish consumption is the main source of human exposure to Hg as methylmercury.^[@ref2]^ Because Hg methylation depends on bacterial bioavailability of inorganic Hg,^[@ref3]^ an effective remediation strategy is to isolate and stabilize Hg in nonbioaccessible media to minimize the potential for methylation. Cementitious amendments, such as Portland-type and related cements, are attractive for soil and sediment stabilization because of their ability to immobilize and isolate a variety of inorganic contaminants, and their recalcitrance under different environmental conditions.^[@ref4]^ In sulfate-type Portland cements, ettringite is one of the main mineral products resulting from cement hydration. Because of its ability to bind both cation and anion contaminants through substitution of Ca^2+^, Al^3+^, SO~4~^2--^ or OH^--^, or through sorption on surfaces, ettringite has been the subject of numerous studies.^[@ref5]−[@ref11]^

Mercury stabilization using sulfate-cement amendments may be particularly useful in alkaline chemical systems such as the stabilization of fly ash wastes or sediment remediation associated with contamination from Hg-cell chlor-alkali manufacturing facilities. Another application is the addition of cement-type amendments to stabilize Hg in contaminated sediments dredged from waterways before either disposal or reuse.^[@ref12],[@ref13]^ Solidification and stabilization of Hg using cementitious materials has been studied previously, but most studies examined amendment effectiveness by leaching tests, with little direct evidence of possible mechanisms responsible for Hg retention.^[@ref14]−[@ref20]^ Proposed Hg retention mechanisms in cement included precipitation of HgO(s),^[@ref16]^ or physical encapsulation after cement treatment.^[@ref14],[@ref18]^ None of these prior studies used spectroscopic methods to examine molecular-scale Hg speciation in amendment reaction products to help deduce sequestration mechanisms.

Mercury speciation and coordination chemistry in solution at equilibrium conditions have been well documented. Hydrolysis reactions determine Hg(II) aqueous speciation in the absence of complexing ligands. At low pH in the absence of Cl^--^, Hg forms a hexaqua ion \[Hg(H~2~O)~6~^2+^(aq)\]^[@ref21]^ and as pH increases, the dominant species is Hg(OH)~2~(aq). In these aqueous complexes, two of the Hg--O bonds are shortened while two bonds are lengthened, giving the appearance of two-coordinated Hg complex.^[@ref21]^ At dissolved Cl^--^ concentrations typical of natural environments, Hg forms a HgCl~2~(aq) complex with a similar linear geometry between Hg and Cl. At high Cl^--^ concentrations, HgCl~3~^--^ and tetrahedral HgCl~4~^2--^ are the major species.^[@ref22]^ Strong complexing ligands such as Cl^--^ influence Hg speciation by formation of aqueous complexes that change Hg affinity for mineral surfaces. Prior studies have shown that, in the presence of dissolved Cl^--^, Hg adsorption on goethite is shifted to higher pH^[@ref23],[@ref24]^ and that Hg uptake is reduced on goethite, alumina, and bayerite^[@ref25],[@ref26]^

In this study, formation of Al- or Fe-ettringite and related solid products at high pH in the presence of dissolved Hg(II) was examined using spectroscopic and microscopic spatial analysis methods to identify microscale mechanisms of Hg incorporation by cementitious product phases. These coprecipitation experiments were compared with Hg(II) sorption by Portland cement and iron sulfate mixtures at lower total Hg concentration. The model experimental systems investigated here lend insight into the importance of both equilibrium and kinetic factors in controlling the formation of reaction products in high-pH cement-type systems used for remediation.

2. Materials and Methods {#sec2}
========================

2.1. Mercury Coprecipitation and Sorption Experiments and Extractions {#sec2.1}
---------------------------------------------------------------------

Coprecipitation experiments with and without dissolved Hg were performed following the method for synthesis of ettringite described by Odler and Abdulmaula^[@ref27]^ and Warren and Reardon,^[@ref6]^ with some modifications. For the Al-coprecipitate (Al-cpt), 10 mL of 0.229 M CaO(aq) were added to 10 mL of 0.038 M Al~2~(SO~4~)~3~(aq) and adjusted to pH 12.5 using 10 mL of 1.0 M NaOH. The Hg-containing analog (Hg--Al-cpt) was prepared identically with the addition of 10 mL of 0.35 mM HgCl~2~(aq) in synthetic seawater^[@ref28]^ to the 1.0 M NaOH solution (Hg~tot~ = 0.25 mM). An Fe coprecipitate (Fe-cpt) was synthesized by mixing 10 mL 0.229 M CaO(aq) and 10 mL 0.039 M Fe~2~(SO~4~)~3~ 5H~2~O, and adjusting pH to 12.5 using 1.0 M NaOH. A Hg precipitate (Hg--Fe-cpt) was prepared identically with the addition of 10 mL of 0.35 mM HgCl~2~(aq) dissolved in synthetic seawater. Reactants were mixed in Nalgene Oak Ridge high speed PPCO tubes in a N~2~-filled glovebox to exclude CO~2~(g) and all solutions were degassed with N~2~ before mixing. Suspensions were shaken at room temperature for 48 h, measured for pH, and centrifuged (10 000 rpm for 10 min). Supernatant solutions were filtered through 0.45 μm filters under N~2~-gas atmosphere. All solutions were kept under acidic conditions until analysis using ICP-MS for Hg and ICP-OES for major elements (Ca, S, Al, and Fe) (see [Supporting Information (SI)](#notes-2){ref-type="notes"} for details). After removal of supernatant solutions, solid phases were washed two times with deionized water, dried under N~2~, and split for analyses. The exchangeable Hg fraction in the coprecipitate samples (Hg--Al-cpt and Hg--Fe-cpt) was extracted using 5 mL of 1.0 M MgCl~2~(aq) by shaking at room temperature for 1 h.^[@ref29]^ Total Hg concentration was determined by microwave digestion in aqua regia (HCl:HNO~3~ 3:1) and analysis by ICP-MS.

Mercury sorption experiments at lower total Hg concentration (Hg~tot~ = 0.01 mM) were performed by mixing cement amendments (Portland cement + FeSO~4~) with 0.01 mM HgCl~2~. Following equilibration for 1, 7, or 30 days, sequential chemical extractions were carried out to determine the Hg exchangeable fraction (0.1 M MgCl~2~(aq)) and Hg associated with poorly crystalline phases (0.2 M acidic ammonium oxalate solution (AAO)). Experimental details are described in the [SI](#notes-2){ref-type="notes"}.

For XAS reference spectra, HgCl~2~(s) was used as obtained from Fisher Scientific. A solution of HgCl~2~(aq) (100 ppm Hg) was prepared from the HgCl~2~(s) salt in deionized water (pH 4.5). HgO(s) (montroydite) was precipitated in the laboratory by the addition of excess NaOH solution to an aqueous solution containing 50 g HgCl~2~(s). The solid was filtered and washed to remove excess chloride. Hg~3~(SO~4~)O~2~(s) (schuetteite) was precipitated after the addition of 150 mL of 0.093 mM Hg(NO~3~)~2~·H~2~O(aq) into 0.3 M Fe~2~(SO~4~)~3~ solution at pH 1.7 at 98 °C. Mercury sorbed on goethite (Hg/goethite) was prepared by reacting 50 mL of 0.5 mM Hg(NO~3~)~2~ solution with 0.5 g of poorly crystalline goethite synthesized according to the method of Schwertmann and Cornell^[@ref30]^ for 24 h (approximate Hg surface coverage of 0.6 μmol Hg/m^2^). Following equilibration, the sample was centrifuged at 10 000 rpm for 15 min and the supernatant solution removed. Solid reference materials were stored wet. The identity of all solids was confirmed by X-ray diffraction (XRD).

2.2. X-ray Diffraction (XRD) {#sec2.2}
----------------------------

X-ray diffraction analysis was performed on beamline 11--3 at the Stanford Synchrotron Radiation Lightsource (SSRL) using a Si(111) monochromator with a spot size of 0.15 × 0.15 mm between 3° and 124° 2θ in 0.006° steps. Samples were dispersed on adhesive tape and sealed with a second piece of tape. The XRD patterns were calibrated with a LaB~6~ standard and converted to wavelength using nonlinear curve fit and Bragg fit equations. Mineral identification was performed using the ICDD reference database with the Jade software package (MDI Products).

2.3. Electron Microprobe and Microfocused-XRF {#sec2.3}
---------------------------------------------

Chemical mapping using electron microprobe X-ray fluorescence (XRF) was performed on solid samples embedded in epoxy and made into petrographic thin sections. Mapping was done with a CAMECA SX100 Ultra electron microprobe (Department of Planetary Sciences, University of Arizona) operating at 20 keV and 20 nA, and equipped with wavelength dispersive spectrometry (WDS) detectors. Maps were collected with a step size of 0.2 μm and a dwell time of 8 ms.

Synchrotron microfocus μ-XRF data were collected at the SSRL on beamline 2--3 using a single element Si Vortex (SSI) with Si(220) double crystal monochromator. Solid samples were finely ground and dusted as a thin layer on adhesive tape. X-ray energy was tuned to 12,300 eV and maps were collected in continuous raster scanning mode for Hg, Ca, Fe, S, and Al in solid samples. Fluorescence maps were analyzed using the Microanalysis Toolkit^[@ref31]^ and element count rates were normalized to the measured intensity of the incident X-ray beam (I~0~).

2.4. X-ray Absorption Spectroscopy (XAS) {#sec2.4}
----------------------------------------

Sulfur K-edge X-ray absorption spectra were collected on beamline 4--3 at the SSRL operating at 3.0 GeV and 100--200 mA. Methods are described in the [SI](#notes-2){ref-type="notes"}. Spectral analysis was performed with the program SIXPAK.^[@ref31]^ Background before the edge was subtracted using a linear fit to the pre-edge region and spectra were normalized to the postedge step height. Mercury L~III~-edge X-ray absorption spectra were collected on either beamline 4--1 or 11--2 at the SSRL operating at 100--200 mA. Analyses of the Hg EXAFS spectra were performed with the program EXAFSPAK.^[@ref32]^ Details of data collection and analysis are described in [SI](#notes-2){ref-type="notes"}.

2.5. Equilibrium Calculations {#sec2.5}
-----------------------------

Thermodynamic calculations for coprecipitate experiments were performed using the Geochemist's Workbench modeling package with a modified version of the Lawrence Livermore National Laboratory (LLNL) thermodynamic database^[@ref33]^ augmented with the "cemdata 07" thermodynamic database^[@ref34]^ (Table S4 in [SI](#notes-2){ref-type="notes"}) and with recently compiled thermodynamic values for inorganic Hg species.^[@ref35]^

3. Results {#sec3}
==========

3.1. Chemical Composition of Reaction Products {#sec3.1}
----------------------------------------------

Analysis of the digested product phases indicated that 3.90 mmol/kg (94% of the total Hg added (Hg~tot~)) and 2.64 mmol/kg (90% Hg~tot~) were retained in the Hg--Al-cpt and Hg--Fe-cpt solids, respectively, after 2 days of reaction (Table S1 in [SI](#notes-2){ref-type="notes"}). The fraction of exchangeable Hg was 0.59 mmol/kg (20% Hg~tot~) and 1.04 mmol/kg (25% Hg~tot~) for the Hg--Al-cpt and Hg--Fe-cpt solids, respectively. The molar ratio of total Ca to S in Hg--Fe-cpt solids was close to 1:1 (∼300 mmol/kg), whereas Ca was greater than S, and significantly higher (4613 and 2551 mmol/kg, respectively) in Hg--Al-cpt solids (Table S1 in [SI](#notes-2){ref-type="notes"}). Measured pH after 2 days of reaction in Hg--Fe-cpt and Hg--Al-cpt experiments was 12.6 and 12.4, respectively.

Sorption experiments with cement and FeSO~4~ amendment showed that between 91% and 99% of the total Hg added to the system (=0.01 mM) was retained in the solid phases after 1, 7, and 30 days of reaction (Table S3 in [SI](#notes-2){ref-type="notes"}). Mercury uptake increased with reaction time, and Hg was associated primarily with the residual fraction, with less than 1% of the total Hg adsorbed associated with the exchangeable and acid oxalic-extracted fractions.

3.2. X-ray Diffraction {#sec3.2}
----------------------

Bulk XRD analysis of coprecipitate products indicated that ettringite was the primary mineral phase in both Al-cpt and Hg--Al-cpt products; gypsum and bayerite were also identified in the latter system ([SI](#notes-2){ref-type="notes"} Figure S1). In the Hg--Fe-cpt products, gypsum was the primary mineral phase and ettringite was present as a minor phase ([SI](#notes-2){ref-type="notes"} Figure S1). No crystalline Fe(III) oxide minerals were identified by XRD in either the coprecipitate or sorption samples, but the formation of an amorphous Fe-oxide phase such as ferrihydrite is likely based the observation, in both coprecipitate and sorption samples, of an orange precipitate similar to that noted in prior studies.^[@ref7]^ In the Fe-cpt system without Hg, gypsum was absent and a Ca--Fe-sulfate-hydrate phase and calcite (as a minor phase) were identified. However, the stoichiometry of the Ca--Fe-sulfate-hydrate phase that best matched the reflections in the diffractogram is uncertain (reference pattern 00--044--0601 in the ICDD database) and several reflections could not be identified. The presence of less crystalline, unidentified mineral phases in the XRD pattern was indicated by broad peaks, but none could be attributed to ferrihydrite.^[@ref36]^

3.3. Sulfur XAS {#sec3.3}
---------------

Normalized S XANES of coprecipitate samples were compared with reference spectra of CaSO~4~ 2H~2~O(s) (gypsum) and HgSO~4~(s) (Figure [1](#fig1){ref-type="fig"}). Spectra of Al-cpt and Hg--Al-cpt showed similar XANES features that were characterized by an absorption maximum at 2482.7 eV and a postedge absorption feature at 2499.2 eV. These results indicate similar bulk S coordination in both solid products, consistent with ettringite (identified by XRD) as the major mineral phase. The S XANES spectrum of Fe-cpt was slightly different. It showed a small feature at 2485.5 eV in addition to the feature at 2499.2 eV observed in Al-cpt and Hg--Al-cpt spectra. These differences are likely related to the presence of a Ca--Fe-sulfate-hydrate phase rather than ettringite as the main crystalline phase from XRD analysis ([SI](#notes-2){ref-type="notes"} Figure S1). The spectrum of Hg--Fe-cpt is characterized by three main postedge absorption features at 2486.0, 2492.0, and 2499.4 eV, which correspond to features observed in gypsum and are consistent with the XRD identification of gypsum as the main crystalline phase ([Figure S1](#notes-2){ref-type="notes"}).

![Normalized sulfur K-edge XANES spectra of Hg--Al-cpt and Hg--Fe-cpt solid phases compared to precipitates without Hg (Al-cpt, Fe-cpt) and to sulfate reference compounds (gypsum, CaSO~4~·2H~2~O, and HgSO~4~).](es-2011-02939v_0006){#fig1}

3.4. Mercury XAS {#sec3.4}
----------------

Analyses of crystalline Hg reference compounds (described in [SI](#notes-2){ref-type="notes"}) were used to constrain unknown parameters (σ^2^, S~0~^2^) and to provide a basis for the identification of backscattering shells in unknown spectra. Mercury X-ray absorption spectra of coprecipitate samples (Hg--Al-cpt, Hg--Fe-cpt) are compared in Figure [2](#fig2){ref-type="fig"} with spectra of Hg dissolved in aqueous solution (HgCl~2~(aq)) and to Hg sorbed to goethite (Hg/goethite). Although these samples were prepared under different experimental conditions (pH, initial Hg salt, presence or absence of Cl^--^), similar features were observed in the Hg XANES, particularly among the Fe-free compared to Fe-present systems (Figure [2](#fig2){ref-type="fig"}a,b). For all spectra, similarities in the main features and inflections (observed in the first-derivative spectra) were found. Comparison of the XANES spectra of Hg--Al-cpt and Hg in solution showed that HgCl~2~(aq) had two main inflections at 12 284 eV and 12 291 eV, but in the same energy range, Hg--Al-cpt was characterized by three inflections at 12 284, 12 296, and 12 304 eV. The energy positions and amplitudes of inflections in the Hg--Fe-cpt XANES spectrum were similar to those of Hg/goethite, and differed slightly from the Fe-free spectra. In particular, the amplitude of the inflection at 12 296 eV was more prominent, and the inflection at 12 304 eV was low or absent, in Hg--Fe-cpt and Hg/goethite spectra compared to Hg--Al-cpt.

![Mercury L(III)-edge XANES and corresponding first-derivative spectra, and EXAFS and Fourier transforms (FT) of the solid phases Hg--Al-cpt, Hg--Fe-cpt, and Hg(II) adsorbed on goethite (Hg/Goethite), and a 0.5 mM solution of HgCl~2~(aq). Deconvolution of single-scattering paths are shown in the EXAFS and FT of Hg--Al-cpt and Hg--Fe-cpt. Solid lines are data and dashed lines are nonlinear least-squares fits (numerical fit results are shown in Table [1](#tbl1){ref-type="other"}).](es-2011-02939v_0004){#fig2}

Quantitative EXAFS analysis of the HgCl~2~ solution was based on the assumption that the predominant aqueous species was HgCl~2~(aq), as indicated by thermodynamic calculations. Fit results showed Hg coordination by two Cl atoms (N fixed) at a distance of 2.45 Å. In the EXAFS analysis of Hg--Al-cpt, a first-shell of ∼3 Cl atoms at a distance of 2.51 Å was identified (Table [1](#tbl1){ref-type="other"}), which is longer than the Hg--Cl distance (2.28 Å) derived from fitting of the HgCl~2~(s) standard reference ([SI](#notes-2){ref-type="notes"} Table S5) but similar to the aqueous complex. The first coordination shell could not be fit with any O atoms, and S (associated with sulfate groups) could not be fit in the spectrum at any distance. Trial-and-error tests based on prior studies of the structure of poly mercury-chloride complexes and solids were done to determine the local structure around Hg in the Hg--Al-cpt. In the final fit, four neighboring atomic shells of Hg and Cl beyond the first Cl shell were determined (Table [1](#tbl1){ref-type="other"}). Based on the analyses of Hg reference compounds (Figurse S2, S3 ,and Table S5 in [SI](#notes-2){ref-type="notes"}), Hg dominates the EXAFS as a strong backscattering atom compared to lighter elements that may be present in the spectrum.

###### Results of Hg EXAFS Fits[a](#t1fn1){ref-type="table-fn"}

  sample                                            A-B      *N*                                   *R* (Å)                                  σ^2^ (Å^2^)                              Δ*E*~0~(Å)   χ^2^
  ------------------------------------------------- -------- ------------------------------------- ---------------------------------------- ---------------------------------------- ------------ ------
  HgCl~2~ (aq) (0.5 mM solution)                    Hg--Cl   2.0[b](#t1fn2){ref-type="table-fn"}   2.45                                     0.0023                                   --3.15       0.40
  Hg--Al-cpt (s)                                    Hg--Cl   3.0                                   2.51                                     0.0043[b](#t1fn2){ref-type="table-fn"}   --4.65       0.19
  Hg--Hg                                            3.0      4.14                                  0.0050[b](#t1fn2){ref-type="table-fn"}                                                         
  Hg--Cl                                            4.2      4.24                                  0.010[b](#t1fn2){ref-type="table-fn"}                                                          
  Hg--Hg                                            2.0      4.46                                  0.0043[b](#t1fn2){ref-type="table-fn"}                                                         
  Hg--Hg                                            4.0      5.16                                  0.0087[b](#t1fn2){ref-type="table-fn"}                                                         
  Hg/goethite (s)[c](#t1fn3){ref-type="table-fn"}   Hg--O    1.2                                   2.00                                     0.003[b](#t1fn2){ref-type="table-fn"}    --4.90       0.07
  Hg--O                                             2.0      2.45                                  0.015[b](#t1fn2){ref-type="table-fn"}                                                          
  Hg--Fe                                            0.7      3.46                                  0.006[b](#t1fn2){ref-type="table-fn"}                                                          
  Hg--Fe-cpt (s)                                    Hg--O    1.7                                   2.03                                     0.003[b](#t1fn2){ref-type="table-fn"}    --0.84       0.06
  Hg--Fe                                            1.0      3.49                                  0.006[b](#t1fn2){ref-type="table-fn"}                                                          

A--B is the absorber-backscatterer pair; N is the number of backscattering atoms at distance (R); σ^2^ (Debye--Waller term) is the absorber--backscatterer mean-square relative displacement; Δ*E*~0~ is the energy shift in the least-squares fit; χ^2^ is a reduced least-squares goodness-of-fit parameter (=(F-factor)/(no. of points -- no. of variables)); scale factor (*S*^2^~0~) fixed at 0.9.

Parameter fixed in least-squares fit.

Hg(II) sorbed to synthetic goethite.

In contrast to the Fe-free systems, Hg coordination by Cl was not found in coprecipitate samples with Fe present (Hg concentrations in sorption samples were too low for XAS). Overall, Cl^--^ (0.01 M) and SO~4~^2--^ (0.1 M) in solution in the Hg--Fe-cpt system did not produce any large structural change in the average Hg coordination compared to the chloride and sulfate-free Hg/goethite sample, but minor differences in the EXAFS spectra were observed. Fits of the Hg/goethite(s) spectrum indicated two O shells at 2.00 and 2.45 Å and one Fe shell at 3.46 Å (Table [1](#tbl1){ref-type="other"}). Results for Hg--Fe-cpt showed only one O shell at 2.03 Å and one Fe shell at 3.49 Å. The Hg--O distances at 2.00 and 2.03 Å in Hg/goethite(s) and Hg--Fe-cpt, respectively, are similar to the Hg--O distances in the solid reference compounds HgO(s), and Hg~3~(SO~4~)O~2~ (2.03 and 2.06 Å, respectively, [SI](#notes-2){ref-type="notes"} Table S3), and also to Hg coordination in the aqueous species Hg(OH)~2~^0^.^[@ref21],[@ref37]^ The EXAFS results are consistent with typical 2 + 4 geometry of Hg, with two short Hg--O ligands that give the appearance of Hg coordinated linearly by O atoms, and four long Hg--O bonds completing the octahedral Hg coordination. The presence of a second O shell in Hg/goethite(s) at 2.45 Å is shorter than similar distances observed in crystalline compounds such as montroydite (with Hg--O fitted distance of 2.82 Å) or schuetteite (with Hg--O fitted distance of 2.53 Å), but similar to the average Hg--O distance of 2.42 Å for octahedrally coordinated Hg(H~2~O)~6~^2+^(aq).^[@ref37]^ The low amplitude of the 2.45 Å O shell in the Hg/goethite spectrum, and its absence in the Hg--Fe-cpt spectrum, indicate structural disorder in the Hg coordination shell. However, backscattering amplitude from second-neighbor Fe atoms was stronger in the Hg--Fe-cpt spectrum than in the Hg/goethite spectrum (Figure [2](#fig2){ref-type="fig"}).

3.5. Electron Microprobe and μ-XRF {#sec3.5}
----------------------------------

Element fluorescence maps from electron microprobe and synchrotron μ-XRF spectroscopy of Hg--Al-cpt are shown in Figure [3](#fig3){ref-type="fig"}. Microprobe results using both electron backscattering and element fluorescence mapping indicated a region on the order of 1 μm in diameter with highly concentrated Hg in a mapping area of 45 μm × 30 μm (Figure [3](#fig3){ref-type="fig"}a). Fluorescence mapping indicated correlation of Hg with Cl, but a lower Ca concentration relative to the surrounding particle, in the high-Hg region. Larger areas of elevated Hg (∼30 μm) were identified by synchrotron μ-XRF maps of the same Hg--Al-cpt sample (Cl was not mapped) (Figure [3](#fig3){ref-type="fig"}b). Regions of elevated Hg indicated a weak correlation with Ca in some areas, similar to electron microprobe results, and an absence of Hg in other high-Ca areas. Electron microprobe maps of sorption samples with low Hg concentration reacted with cement and FeSO~4~ amendment showed a correlation between regions of high Fe (on the order of 5--10 μm in diameter) and areas of Hg elevated just above background (Figure [3](#fig3){ref-type="fig"}c). Element μ-XRF maps of Hg--Fe-cpt samples with higher total Hg showed diffuse areas of high Fe (∼10--50 μm) correlated with Hg fluorescence above background counts (Figure [3](#fig3){ref-type="fig"}d). Differences in the size of high Hg-regions between electron microprobe and μ-XRF maps can be attributed partly to sample preparation. For electron microprobe, samples were embedded in epoxy and made into a petrographic thin section, but for μ-XRF maps, powdered samples were dispersed on tape, and particles may have been aggregated.

![(a) Backscattered electron (BSE) image and element fluorescence maps from electron microprobe (petrographic thin section) of Hg--Al-cpt; (b) synchrotron microfocused X-ray fluorescence (μ-XRF) element maps and Hg--Ca correlation plots from the areas indicated (powdered sample) of Hg--Al-cpt; (c) BSE image and element fluorescence maps from electron microprobe of Hg sorbed to cement and FeSO~4~ amendment (aged for 12 months); (d) synchrotron μ-XRF element maps and Hg--Fe correlation plots from the areas indicated of Hg--Fe-cpt.](es-2011-02939v_0005){#fig3}

4. Discussion {#sec4}
=============

4.1. Mercury Speciation from EXAFS and Spatial Analysis {#sec4.1}
-------------------------------------------------------

Based on Hg XAS and microprobe results, distinctly different modes of Hg uptake were observed in Hg-ettringite coprecipitation with Al or Fe. In the Al--Hg coprecipitate, EXAFS and microprobe analyses suggest that Hg is likely concentrated as a polynuclear or nanoparticulate chloromercury(II) anionic species such as \[Hg~*x*~Cl~*y*~^n--^\] in a chloromercury salt-type phase. Chloromercury salts exhibit a wide structural diversity and variable composition.^[@ref38]^ Although most structural characterization has been performed on organo-Hg salts,^[@ref22]^ Hg~*x*~Cl~*y*~^*n*--^ stoichiometries were identified in inorganic salts, such as the "double salt" \[CaCl~2~\]~2~\[HgCl~2~\]~11~•16H~2~O containing \[Hg~6~Cl~13~^--^\]\[Hg~5~Cl~13~^3-^\] clusters,^[@ref39]^ or the MgHg~3~Cl~8~ salt.^[@ref40]^ A range of Hg--Cl distances have been reported, depending on whether Cl is bridging between Hg atoms, with longer distances in general when Cl acts as a bridge.^[@ref41]^ Structural results from EXAFS for Hg--Al-cpt gave an average Hg--Cl distance of 2.51 Å for ∼3 Cl atoms in the first coordination shell. The Hg--Cl first-shell distance from the EXAFS fit is in the range of Hg--Cl distances observed for tetrahedral coordination in HgCl~4~,^[@ref41]^ which may suggest a distorted tetrahedral geometry. In addition, the presence of multiple Hg atoms at longer distances (4.14, 4.46, and 5.16 Å) is consistent with the precipitation of a Hg-chloride-salt particle that is presumably balanced by Ca^2+^ atoms not detected in the EXAFS spectrum. Electron microprobe and synchrotron μ-XRF imaging indicated that Hg was rare and not uniformly distributed in the Hg--Al-cpt, but rather was concentrated in small particles, possibly as inclusions in high-Ca minerals.

In the Hg--Fe coprecipitate, Hg EXAFS analyses indicated that Hg coordinates only with O and Fe ligands in the first and second coordination shells, respectively, at slightly longer distances compared with the Hg/goethite EXAFS spectrum, which was also fit with a second low-amplitude Hg--O shell. Differences in local Hg coordination between these samples may result from the different pH (pH 6.5 for Hg/goethite and 12.6 for Hg--Fe-cpt) and different sample preparation (sorption versus coprecipitation) used for each. Second-neighbor Hg--Fe distances in both samples (3.46 and 3.49 Å) were slightly longer than the Hg--Fe distance (3.40 Å) reported previously for Hg sorption on goethite in one study.^[@ref42]^These Hg--Fe distances are significantly longer than the Hg--Fe distances (3.19--3.29 Å) reported in other studies for Hg complexes on goethite surfaces.^[@ref25],[@ref26],[@ref43]^ These prior studies have attributed the observed differences in Hg--Fe distances to the presence of monodentate (longer distance) and bidentate (shorter distance) inner-sphere sorption complexes on goethite. In the Hg--Fe-cpt sample, stronger backscattering from second-neighbor Fe atoms is consistent with coprecipitation of Hg with ferrihydrite from solution, with higher surface area and more sorption sites, compared to sorption of Hg on an existing Fe(III) oxide surface for Hg/goethite. No evidence was found for the formation of ternary Hg--Cl species,^[@ref5],[@ref24],[@ref25],[@ref43]^ or for ternary Hg-SO~4~ species.^[@ref25]^ In both low concentration sorption samples and high concentration coprecipitates, elemental fluorescence mapping indicated a correlation of high Fe areas with weakly elevated Hg concentrations in diffuse particles, supporting the interpretation of Hg removal by precipitation of an Fe(III) oxide phase.

4.2. Equilibrium Analysis and System Kinetic Limitations {#sec4.2}
--------------------------------------------------------

Ettringite was identified by XRD as the primary mineral phase in the Hg--Al-cpt (with minor gypsum) and Al-cpt systems, whereas gypsum and a Ca--Fe-sulfate-hydrate phase were the primary crystalline phases in the Hg--Fe-cpt and Fe-cpt systems, respectively. These results were corroborated by qualitative comparisons of S-XANES spectra of the experimental systems with reference compound spectra, and in agreement with bulk chemistry of the solids. Thermodynamic phase relations at the experimental conditions of this study as a function of Cl^--^ activity and pH indicate that Al-ettringite is stable at pH between ∼10 and 12.8, and predicted to be the primary mineral phase at the final pH (12.4) of the Hg--Al-cpt system (Figure [4](#fig4){ref-type="fig"}A), in agreement with experimental observations.

![Equilibrium phase relations and solution speciation as a function of log activity of Cl^--^ (log (a~Cl--~)) and pH calculated using the initial composition of Hg--Al-cpt (a) and Hg--Fe-cpt (b) systems. Diagrams show dissolved Hg species (dark blue dashed lines), solid Ca phases (shaded, solid light blue lines), and solid Fe phases (named in red). *X*~0~ (solid point) represents initial Cl^--^ and pH, and *X*~F~ (shaded line) represent final pH of solutions. Ca--Al-sulfate hydrate: Ca~4~Al~2~(SO~4~)(OH)~12~ 6H~2~O and Ca--Fe-sulfate hydrate: Ca~4~Fe~2~(SO~4~)(OH)~12~ 6H~2~O.](es-2011-02939v_0001){#fig4}

In the Hg--Fe-cpt system, thermodynamic analysis predicts the formation of a Ca--Fe-sulfate-hydrate phase ((Ca~4~Fe~2~SO~4~)(OH)~12~ 6H~2~O) at the measured pH of the final solution (12.6), which is not in agreement with the observed formation of gypsum as the primary mineral phase and the inferred precipitation of ferrihydrite (Figure [4](#fig4){ref-type="fig"}B). The observed solids are the metastable assemblage predicted at slightly lower pH (\<11.8) and suggest that the system may not have reached equilibrium with respect to solid phases. Prior work noted the slow kinetics of Fe-ettringite formation (180 days to reach equilibrium) relative to Al-ettringite, and the initial formation of ferrihydrite and gypsum in Al-free systems.^[@ref10],[@ref11]^ There is also uncertainty in both the stoichiometries and solubilities of hydrated Ca--Fe hydroxysulfate phases that may form at high pH,^[@ref39],[@ref40]^ which would change the positions of the stability fields shown in Figure [4](#fig4){ref-type="fig"}B. In the Fe-cpt without Hg, a Ca--Fe-sulfate-hydrate phase (of different stoichiometry than the phase used in the thermodynamic database) and calcite (as a minor phase) were identified as reaction products by XRD. The presence of calcite indicates that, despite efforts to exclude CO~2~ during sample preparation, some CO~2~ contamination did occur. However, calcite was not identified in the other experiments and there is no evidence for CO~2~ contamination. Since all solids were prepared under the same experimental conditions, carbonate activities in the system should be much lower than sulfate activities, and the formation of other mineral phase containing CO~2~ is not expected.^[@ref10]^

Based on chemical analyses of precipitated solids and extraction results, most Hg was associated with recalcitrant mineral phases in the coprecipitate systems, with ∼20--25% of total Hg easily exchanged. Based on thermodynamic analysis of Hg speciation, HgCl~2~(aq) is the dominant equilibrium aqueous species predicted at the initial Cl^--^ concentration and pH of both systems, but Hg(OH)~2~^0^ is the dominant equilibrium species predicted at the final pH (Figure [4](#fig4){ref-type="fig"}). Therefore, if equilibrium among aqueous Hg species is reached, Hg--Cl coordination would not be expected. Results from Hg EXAFS analysis showed coordination of Hg by Cl ligands in Hg--Al-cpt solids, and no coordination by O or S (as sulfate) ligands. These observations imply that molecular Hg--Cl complexation in the initial aqueous state is preserved in the final solids, and that Hg species do not equilibrate at the final solution pH in the Fe-free system. Evidence from Hg EXAFS, spatial analysis, and thermodynamic considerations suggest physical encapsulation of Hg as a salt precipitate with ettringite as the primary immobilization mechanism. This Hg sequestration mechanism, after the addition of cement and other alkali amendments, has been proposed in the literature,^[@ref14],[@ref16],[@ref44]^ although the proposed form of immobilized Hg was HgO(s) in most prior studies.

In the Hg--Fe-cpt system, only O ligands were identified in the first shell in the Hg EXAFS analysis, but no coordination with Cl^--^ or SO~4~^--2-^ ligands. Because Hg(OH)~2~^0^ is the dominant equilibrium species predicted at the final pH, Hg is inferred to re-equilibrate from the initial conditions where HgCl~2~ is the dominant aqueous species, to Hg(OH)~2~^0^ as the dominant species. Mercury XAS results indicated coprecipitation of Hg and ferrihydrite, with most Hg strongly bonded to ferrihydrite based on the extraction results showing that only ∼20% of total Hg was removed by ion exchange. In the sorption systems with 25 times less total Hg, less than 1% of sorbed Hg is exchangeable (up to 30 d reaction time). These results are in agreement with prior studies of Hg sorption on Fe(III) oxides that interpreted most sorbed Hg as inner-sphere complexes with a smaller fraction of outer-sphere complexes.^[@ref25],[@ref26],[@ref42],[@ref43]^ Although Hg bonds as an inner-sphere complex to Fe(III) oxide surfaces, ferrihydrite tends to retain water within an open network structure of Fe octahedra that allows for diffusion of aqueous species.^[@ref45]^ Results of the Hg EXAFS analysis suggest that Hg coprecipitated with ferrihydrite in the Hg--Fe-cpt solids were sufficiently hydrated to allow for re-equilibration of the sorbed Hg species with the solution as pH increased.

4.3. Implications {#sec4.3}
-----------------

Mercury immobilization by precipitation and/or complexation in solid phases is a remediation strategy that may aid in limiting Hg trophic transfer. Results of this study indicate that remediation approaches should emphasize physical encapsulation of Hg, perhaps as a nanoparticulate phase, within reaction products rather than formation of mineral solid solutions or surface adsorption. Complexation of Hg by chloride influences Hg behavior during formation of cement product phases. Therefore, differences between freshwater and marine/estuarine settings should be considered in remediation design. In addition, physical differences in porosity and extent of hydration of reaction products can influence rates of Hg uptake and its final distribution in product phases. This study highlights an important role for Fe in both Hg removal from solution and remediation scenarios. The presence of Fe in cement treatments of soils or sediment may affect the rate of ettringite formation and its stability through formation of an immiscible Al--Fe solid solution,^[@ref11]^ although characterization and thermodynamic data for such phases are incomplete. In natural systems, strong complexation of Hg with thiol and sulfide functional groups of dissolved and sediment organic matter are likely to outcompete Fe(III) oxide surfaces for binding Hg.^[@ref46],[@ref47]^ However, in dynamic environments such as groundwater--surface water transition zones, dissolved Fe^2+^ may oxidize and rapidly precipitate as ferrihydrite, which can scavenge dissolved Hg as a sorbed complex as shown here, particularly if organic carbon is low. Therefore, relative concentrations of organic matter and Fe, and the dynamic biogeochemical processes associated with these constituents that influence Hg speciation and transport, should be considered in site-specific risk assessment and remediation design. Examination of the model systems of this study lends insight into the chemical behavior of Hg and the physical processes that occur during reaction with cementitious materials. Studies of specific applications and treatment systems are needed to verify microscale mechanisms over a broad range of conditions.

Description of the analyses of aqueous solutions, mercury (low concentration) sorption and chemical extractions experiments, S and Hg X-ray absorption spectroscopy (XAS) methods description, and XAS analysis of Hg reference compounds; bulk XRD analysis of coprecipitate products (Figure S1); elemental analysis of coprecipitate phases and supernatant solution (Tables S1 and S2, respectively); Hg (low concentration) sorption analysis (Table S3); thermodynamic data for equilibrium calculations (Table S4); XAS fit results of Hg reference compounds (Figures S2 and S3 and Table S5). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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